Introduction
It is well established that joint function is seriously impaired by cartilage defection, in fact even very small defects in cartilage are difficult to repair due to the lack of self-repair ability (1) . Mesenchymal stem cells (MSCs) are thought to be an ideal target for repairing defective cartilage on account of their self-repair ability, multidirectional differentiation potential and low immunogenicity (2) . One type of MSC line derived from mouse embryos known as the C3H10T1/2 cell line has been widely applied in research that focused on the differentiation and regulation of stem cells (3) . Bone morphogenic protein 4 (BMP4) treatment may induce C3H10T1/2 stem cells to commit to the adipocyte lineage (4) . In addition, curculactones, A or B, increase the expression of osteogenic marker genes and alkaline phosphatase activity, leading to the differentiation of the mesenchymal cell line C3H10T1/2 (5) . Our previous research demonstrated that transforming growth factor β3 (TGF-β3) induced C3H10T1/2 MSC line differentiation (6) . Therefore, an in vitro chondrogenic differentiation model for MSCs would be of value in the promotion of MSC chondrogenic differentiation prior to transplantation. However, the underlying mechanism requires further clarification. microRNA (miRNA or miR), a type of non-coding small RNA ~22 nucleotides in length, is found extensively in eukaryons. The biological functions of miRNA are diverse; for example, one miRNA may modulate a number of different target genes and one target gene may be coregulated by several miRNAs (1) . miRNA has become an important tool in genetic engineering as it is small, specific and endogenous. An increasing body of evidence has demonstrated that miRNA can alter stem cell fates and modulate the underlying epigenetics in biological behavior (7) (8) (9) (10) . It has been reported that miR-29a is essential for the differentiation of MSCs by regulating forkhead box O3 expression (11) . Upregulation of 573-3p by SRY-Box 9 may inhibit retinoid X receptor-a expression and chondrogenic differentiation of MSCs (12) . In addition, miR-144-3p acts as a negative regulator of osteogenic differentiation and proliferation in C3H10T1/2 cells and mothers against decapentaplegic homolog 4 serves as its specific target gene (13) . miR-125b serves as a key regulatory factor of osteoblastic differentiation by directly targeting core-binding factor b in C3H10T1/2 cells (14) . These results indicated that miRNAs may take part in the process of C3H10T1/2 cell differentiation or proliferation. A previous report revealed that microRNA-140 (miR-140) served an important role in BMP4-induced C3H10T1/2 pluripotent stem cells in achieving commitment to the adipocyte lineage (15) . miR-140 overexpression promotes this process, whereas knockdown miR-140 generates the opposite result by targeting the osteopetrosis associated transmembrane protein 1 gene (15) . BMP4 and TGF-β3 are also involved in the process of C3H10T1/2 cell differentiation (6), however, whether miR-140 could serve as a direct downstream component of TGF-β3 during C3H10T1/2 cell differentiation requires further study. In the present study, the effect of miR-140 in TGF-β3-induced C3H10T1/2 cell differentiation is analyzed.
C-X-C motif chemokine 12 (CXCL12) is encoded by the CXCL12 gene and belongs to the chemokine family. It can active leukocytes and is often induced by proinflammatory stimuli including lipopolysaccharides, tumor necrosis factors or interleukin-1. CXCL12 is a widely expressed gene and has an extensive role in muscle, neural, liver and tissue repair (16, 17) . A previous study revealed that CXCL12 is a regulator of osteogenic differentiation induced by BMP2 (18) . In addition, CXCL12/CXCR4 significantly affected early and mid-osteogenic marker expression in C3H10T1/2 cells (19) . These findings indicated that the CXCL12/CXCR4 signal axis effects the BMP9-induced osteogenic differentiation of MSCs. Therefore, CXCL12 may serve an important role in osteogenic differentiation. Currently, the number of studies investigating the miRNA regulation of CXCL12 in C3H10T1/2 is relatively low. Thus, the present study evaluated the underlying mechanism of how miR-140 regulates expression.
The precise molecular mechanism underlying chondrogenic differentiation in stem cells remains elusive. The aim of the present study was to provide a theoretical foundation for the role of potential miRNAs in C3H10T1/2 MSC.
Materials and methods
Cell culture and preparation of cell pellets. C3H10T1/2 MSCs were purchased from American Type Culture Collection (Manassas, VA, USA), cultured in low-glucose Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) and were then incubated at a 37˚C and 95% humidity. Once 90% conflue nce was achieved, C3H10T1/2 MSCs were generated in a 1:6 dilution. The passage 7 generation of C3H10T1/2 MSCs was digested with 0.25% trypsin (Invitrogen; Thermo Fisher Scientific, Inc.) and divided into 2 groups: The non-induced group (culture medium contained 500 ml high-glucose DMEM and 10 ml FBS) and the TGF-β3-induced group (culture medium contained 500 ml high-glucose DMEM, 5 µg TGF-β3, 0.15 g vitamin C, 50 µl dexamethasone, 0.5 ml Insulin/Transferrin/Selenium solution and 10 ml FBS). Cells were suspended and reseeded in 2 ml DMEM at a density of 2.5x10 5 /ml. DMEM (1 ml) was replaced every 2 to 3 days for ~14 days to generate in vitro pellets.
Verifying differentially expressed miR-140 using reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RNA was reverse transcribed into cDNA using the reverse transcriptase from the PrimeScript reverse transcription reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's instructions. The qPCR reaction mixture included SYBR Premix Ex Taq™ II (Bio-Rad Laboratories, Inc., Hercules, CA, USA) as well as 2 µl cDNA, 5 µl 2X master mix, 0.5 µl forward primer, 0.5 µl reverse primer and 2 µl nanopure water to generate a final volume of 10 µl. Conditions for amplification were as follows: Initial denaturation at 95˚C for 30 sec, then 40 cycles of 10 sec at 95˚C and 60 sec at 60˚C, and final extension at 72˚C for 5 min. Experiments were performed with 3 replicates. The U6 gene was used as an endogenous control to normalize differences in the amount of total RNA from each sample. The primer sequences were as follows: Mus musculus (mmu)-miR-140, forward 5'-GCG GCG GCA GTG GTT TTA CCC-3' and reverse 5'-ATC CAG TGC AGG GTC CGA GG-3'; and U6, forward 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' and reverse 5'CGC TTC ACG AAT TTG CGT GTC AT-3'. The results were calculated using the 2 -ΔΔCq method was performed using 30 µl Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Cell transfection was performed at room temperature.
Western blot analysis.
To determine the expression profiles of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and CXCL12, C3H10T1/2 MSC extract lysates were collected and analyzed. Briefly, samples were washed with ice-cold phosphate-buffered saline (PBS) and homogenized in radioimmunoprecipitation lysis buffer at 4˚C for 30 min which contained a cocktail of protease inhibitors and phosphatase inhibitors (Roche Diagnostics, Shanghai, China), and the lysates were collected following high-speed centrifugation (12,700 x g) for 5 min at 4˚C. Proteins were then separated by 10% SDS-PAGE (Roche Diagnostics) and electrotransferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked in 5% bovine serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at room temperature prior to overnight incubation at 4˚C with α-tubulin (dilution, 1:2,000; cat. no. ab7291; Abcam, Cambridge, UK) and CXCL12 (dilution, 1:1,000; cat. no. 5712; Cell Signaling Technology, Inc., Danvers, MA, USA) primary antibodies. Following washing with TBST (TBS with 20% Tween-20), membranes were incubated with the corresponding rabbit anti-mouse HRP-conjugated IgG (dilution, 1:2,000; cat. no. A16160; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Target proteins were visualized using the SuperSignal ® West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.) and α-tubulin was used as a loading control.
MTT assay. C3H10T1/2 MSCs were transfected with miR-NC mimics, miR-140 mimics, miR-NC inhibitor or miR-140 inhibitor, followed by TGF-β3 induction. After 1 and 7 days, cell viability was measured by MTT assay. Cells (~200 µl at 1x10 4 /ml) were seeded into 96 well plates. Following 24 h incubation, 20 µl of 5 mg/ml MTT solution was added to each well and the plate was further incubated at 37˚C for 4 h. The medium was then aspirated, the wells were washed with PBS and allowed to dry for ~4 h, and then 150 µl DMSO was added to each well. The microtitre plate was placed on a shaker in order to dissolve the dye. Absorbance was read at 490 nm using a Bio-Rad iMark plate reader (Bio-Rad Laboratories, Inc.).
Alcian blue staining. Cell pellets were fixed with 4% paraformaldehyde in 0.1 M PBS for 20 min at 37˚C and then rinsed with PBS three times. The pellets were dehydrated using a gradient of ethanol (30, 50, 70, 85, 95 and 100%), placed in dimethylbenzene for 5 min, embedded with paraffin and sectioned into 4 µm thick slices. These sections were stained with 1% alcian blue dissolved in 3% acetic acid (ph 2.5) for 10 min at 37˚C to quantify glycosaminoglycan (GAG) synthesis. Sections were then washed with water three times and sealed with dry neutral resins. Images were captured on a light microscope (Nikon Eclipse Ci; Nikon Corporation, Tokyo, Japan), and analyzed using Photoshop software CS6 (Adobe CS5; Adobe Systems, Inc., San Jose, CA, USA).
Bioinformatic and statistical analysis. Prediction of miRNA target sites was performed using TargetScan (http://www. targetscan.org) and microRNA.org (http://www.microrna. org). Differences among groups were analyzed by performing a two-way analysis of variance, followed by Bonferroni post hoc tests using the statistical software IBM SPSS version 21 (IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard error mean of 3 repeated experiments. P<0.05 was considered to indicate a statistically significant difference.
Results

Verification of miR-140 expression levels using RT-qPCR.
mmu-miR-140 was analyzed using RT-qPCR to determine its different expression levels. The results of this analysis were consistent with those observed in our microarray analysis performed previously (data not published). In the TGF-β3-induced group, mmu-miR-140 was significantly upregulated compared with the non-induced group (Fig. 1) .
Target action site of miR-140 on CXCL12 prediction via bioinformatics. TargetScan (http://www.targetscan.org) and microRNA.org (http://www.microrna.org) databases were used to predict target miRNAs and cartilage-associated target genes. Genes that exhibited relatively higher grades in the two databases were selected as key genes. In our previous study, miR-140 was identified as one of the miRNAs with an altered expression in the TGF-β3-induced chondrogenic group (data not published). Thus, in combination with the results of the microarray analysis, miR-140 was chosen as the target of the present study. It was predicted that miR-140 may recognize and interact with the 3' untranslated region (3'UTR) of CXCL12 as presented in Fig. 2 .
Interaction between miR-140 and the predicted region of CXCL12.
The dual luciferase reporter assay demonstrated that miR-140 mimics significantly inhibited the fluorescence of the CXCL12-WT group when compared with the miR-NC group (P<0.05; Fig. 3A) . However, there was no significant difference in fluorescence between the CXCL12-mutant (mut) group and miR-NC group (P>0.05; Fig. 3B ).
CXCL12 protein levels in the different groups analyzed by western blotting. C3H10T1/2 MSCs were transfected with miR-140 mimics or inhibitor in the experimental groups, and transfected with miR-NC mimics or inhibitor in control group, and chondrogenic differentiation was induced by TGF-β3. CXCL12 protein levels were assessed by western blotting at 1, 7 and 14 days following TGF-β3 induction (Fig. 4) . CXCL12 was markedly decreased when miR-140 was overexpressed compared with NC (Fig. 4A) , however, it was markedly increased when miR-140 expression was inhibited compared with NC (Fig. 4B) . In addition, CXCL12 expression levels declined as the length of the experiment increased in the control and experimental groups (Fig. 4) .
C3H10T1/2 MSC cell viability following up-/downregulation of miR-140
. At 1 and 7 days following transfection and TGF-β3 induction, C3H10T1/2 MSCs transfected with miR-140 mimics exhibited significant inhibition of cell viability compared with NC (P<0.05; Fig. 5A ). However, those transfected with the miR-140 inhibitor exhibited a significant increase in cell viability compared with the control group (P<0.05; Fig. 5B ).
Analysis of GAG synthesis using alcian blue staining. In cell pellets generated by chondrogenic differentiation following the induction of C3H10T1/2 for 7 days, there was no visible difference in alcian blue staining between the miR-140 up-/downregulation and control groups (Fig. 6) .
Discussion
Microarray analysis demonstrated that, in the TGF-β3-induced group, miR-140 expression levels were significantly higher than those observed in the control group. Further analysis using bioinformatics prediction and a dual luciferase assay validated that CXCL12 was the target gene of miR-140. C3H10T1/2 MSCs were transfected with miR-140 mimics or miR-NC mimics, followed by TGF-β3 induction. Western blotting after 1, 7 and 14 days revealed that CXCL12 was markedly downregulated as a result of miR-140 overexpression. By contrast, CXCL12 was significantly upregulated when miR-140 was inhibited. In addition, the expression of CXCL12 decreased as the length of the experiment increased. Following TGF-β3 induction, at 1 and 7 days after transfection, C3H10T1/2 MSCs transfected with miR-140 mimics exhibited reduced cell viability, whereas, those transfected with the miR-140 inhibitor displayed increased cell viability when compared with the control groups. In cell pellets generated by the induction of C3H10T1/2 MSCs for 7 days, no visible difference in GAG synthesis was observed between the miR-140 up-/downregulation and control groups.
To the best of our knowledge, these results demonstrate for the first time that during the process of TGF-β3-induced chondrogenic differentiation, miR-140 inhibits C3H10T1/2 MSC viability by targeting CXCL12, however, there it has no significant influence on C3H10T1/2 MSC differentiation.
As a member of non-coding RNA family, which are a type of endogenous regulatory RNA, miRNA consists of ~21 to 23 nucleotides. An increasing body of evidence has indicated that miRNA may participate in a number of physiological and pathological processes, including development, cell differentiation, metabolism and cancer (9, 10, 20, 21) . miR-140 is expressed in cartilage tissue and serves an important role in proliferation and differentiation (22, 23) . In the present study, microarray analysis and RT-qPCR demonstrated that miR-140 is upregulated in TGF-β3-induced C3H10T1/2 MSCs. Following this result, the aim was to further clarify the biological role and target gene of miR-140.
Firstly, online software was used to predict the target gene of miR-140 and the interaction site between miR-140 and its target gene. A dual luciferase reporter assay was performed to validate that miR-140 could recognize and interact with CXCL12-3'UTR. As the target gene of miR-140, CXCL12 is also known as stromal cell-derived factor-1 (SDF-1) (24) . CXCL12 has been reported to serve a number of biological functions, including bone-marrow myelopoiesis (25) , organogenesis and tumorigenesis (26) . Kanbe et al (27) indicated that SDF-1 may participate in the destruction of cartilage in osteoarthritis and rheumatoid arthritis. The present study further investigated whether the level of CXCL12 expression was affected by miR-140 activation/inhibition in TGF-β3-induced C3H10T1/2 MSCs.
Based on our previous study of cell pellets generated from TGF-β3-induced chondrogenic differentiation in C3H10T1/2 MSCs (6), it was revealed that CXCL12 was markedly decreased when miR-140 is overexpressed, however, it increased when miR-140 expression was inhibited. In addition, CXCL12 expression levels declined as the length of experiment increased in the control and experimental groups. The results of the present study combined with those of our previous study (6) , suggest that miR-140 may take part in the formation of cell pellets by regulating CXCL12. However, it is unknown which process miR-140 regulates, C3H10T1/2 MSC proliferation or differentiation.
In the present study C3H10T1/2 MSC viability was detected, and the results revealed that following transfection with miR-140 mimics, it was significantly reduced when compared with the miR-NC group. However, C3H10T1/2 MSC proliferation was significantly promoted following miR-140 mimics transfection. Alcian blue staining identifies the characteristic extracellular matrix GAGs secreted by chondrocytes (28) . In the present study, GAG synthesis was also measured by alcian blue staining and no visible difference in GAG synthesis was observed between the groups with overexpression or inhibition of miR-140 at 7 days following TGF-β3-induced chondrogenic differentiation. The present study investigated the biological effects of miRNA-140 on CXCL12 and C3H10T1/2 MSC proliferation/differentiation based on our previous study (6) . Collectively, the results indicate that prior to progression in TGF-β3-induced chondrogenesis, C3H10T1/2 MSC proliferation may be effectively upregulated by promoting CXCL12, which could be induced by inhibiting miRNA-140 expression. The results highlight the potential role of miRNA-140 in future clinical therapies to treat cartilage defection via CXCL12 targeting. Future studies will further investigate the function and precise regulatory mechanism of miRNA-140.
